Abstract In Canadian forests, the majority of burned area occurs on a small number of days of extreme fire weather. These days lie within the tail end of the distribution of fire weather, and are often the periods when fire suppression capacity is most challenged. We examined the historic and future frequency of such extreme fire weather events across 16 fire regime zones in the forested regions of Canada from 1970 to the year 2090. Two measurements are used to measure the extreme fire weather events, the 95th percentile of Fire Weather Index (FWI 95 ) and the number of spread days. The annual frequency of fire spread days is modelled to increase 35-400 % by 2050 with the greatest absolute increases occurring in the Boreal Plains of Alberta and Saskatchewan. The largest proportional increase in the number of spread days is modelled to occur in coastal and temperate forests. This large increase in spread days was found despite a modest average increase in FWI 95 . Our findings suggest that the impact of future climate change in Canadian forests is sufficient to increase the number of days with active fire spread. Fire management agencies in coastal and temperate regions may need to adapt their planning and capacity to deal with proportionally larger changes to their fire weather regime compared to the already high fire management capacity found in drier continental regions.
results from stand-renewing, high-intensity crown fire. The majority of area burned is from a relatively few large fires that occur on a small number of severe fire weather days (Flannigan and Wotton 2001) . Stocks et al. (2002) found that fires 200 ha or greater in size in Canada represent 97 % of the area burned but only 3 % of the total number of fires. This skewed distribution may be partially due to a highly efficient initial-attack capability in full suppression zones where the goal is to extinguish fires before they reach 1 ha in size. In the northern modified response or observation zones, fires are often allowed to burn to large sizes if no values at risk are threatened. Canadian fire management agencies annually spend an average of CAD$800 million on fire management, and these expenditures have been rising due to more active fire occurrences and extreme fire weather conditions in recent years (e.g., Beverly et al. 2011; Flannigan et al. 2009a ) and the projected near future (e.g., de Groot et al. 2013; Moritz et al. 2012) .
Weather and climate, including temperature, precipitation, wind, and atmospheric moisture, are critical aspects of fire activity. Weather influences fuel and ignitions; for example, fuel moisture, which may be the most important aspect of fuel, is a function of the weather. Climate, however, determines the type and amount of vegetation (fuel) at any given location. Weather arguably is the best predictor of regional fire activity for time periods of a month or longer (Abatzoglou and Kolden 2013; Cary et al. 2006) . Although wind speed may be the primary meteorological factor affecting fire growth of an individual fire, numerous studies suggest temperature is the most important variable affecting overall annual wildland fire activity, with warmer temperatures leading to increased fire activity (Flannigan et al. 2005 (Flannigan et al. , 2009a Parisien et al. 2011) .
Instead of directly using the weather variables, the Canadian fire management agencies use the Canadian Forest Fire Weather Index (FWI) system (Van Wagner 1987) , a subsystem of the Canadian Forest Fire Danger Rating System (CFFDRS) (Stocks et al. 1989; Taylor and Alexander 2006) to assess relative wildland fire danger for the protection of communities and economic interests associated with forests. The FWI system outputs six weather based indices that represent fuel moisture and potential fire behaviour across Canada. These indices are generated based on daily noon (local standard time) observation of fire weather variables including the surface air temperature and relative humidity, 10 m open wind speed, and 24 h accumulated precipitation. The three fuel moisture indices include the Fine Fuel Moisture Code (FFMC), the Duff Moisture Code (DMC), and the Drought Code (DC). These moisture codes track moisture in different layers of the fuel on the forest floor. The other three indices are relative indicators of fire behaviour potential: fire spread rate (the Initial Spread Index, ISI), fuel consumption (the Build-up Index, BUI), and fire intensity (the Fire Weather Index, FWI). The principal index of the FWI System, FWI, is a general index of fire danger whose computation involves all the other five indices, and it measures the potential intensity of a fire: higher FWI values indicate higher fire danger potential.
Initial examinations of future fire regime in Canada focused on season-averaged changes in FWI System codes at a coarse spatial resolution (Flannigan and Van Wagner 1991) ; more recent work has used monthly mean or maximum FWI values to predict future burned area with statistical models (Balshi et al. 2009; Flannigan et al. 2005) . While a sizable body of literature exists on the impacts of climate change on extreme weather events such as drought (Dai 2012; Dennison et al. 2014) , heavy rainfall (Fowler et al. 2007 ), or windstorms (Blennow and Olofsson 2008) , the combination of a prolonged rain-free period followed by high winds that create fire-conductive weather is relatively unexplored (but see Shabbar et al. 2011; Skinner et al. 2002) .
Fire management agencies often use percentiles of FWI to evaluate extreme fire weather. Such Bmanaging for the extremes^focuses on the capacity of a fire management organization to operate effectively at the high end of fire weather, and a commonly used metric for such management is the 90th or 95th percentile of the FWI (e.g., Amiro et al. 2004; Bedia et al. 2013; Dowdy et al. 2009 ). Insights into how the tail-end of the FWI is expected to shift can therefore provide information to fire management agencies on fire suppression capacity requirements to address future challenges.
Regardless of how long a fire burns, a large proportion of area burned usually occurs during relatively few days with extreme fire weather present (e.g., Rothermel et al. 1994) , namely the Bspread event days^ (Parisien et al. 2005; Podur and Wotton 2011) or Bspread days^ (Wang et al. 2014) . Such spread days provide a useful metric for identifying days where fire suppression is difficult and existing fires are likely to overwhelm suppression efforts and increase in burn area. For a spread day to occur during a fire, at least two components are required, sufficient landscape-level fuels to sustain the fire and extreme fire weather (i.e., hot, dry, and windy) to drive the fire (e.g., Alexander and Cruz 2011; Van Wagner 1977) . Defined only by fire weather, a spread day is considered an indicator of the likelihood of a fire substantially increasing beyond its perimeter on a given day (Podur and Wotton 2011) . A threshold FWI value of 19 was proposed by Podur and Wotton (2011) to define a potential spread day, which makes it possible to examine extreme fire weather from a different perspective.
The major objective of this study was to examine the extreme fire weather changes over space and time as well as evaluate factors contributing to the changes. This was achieved through exploring (1) shifts in the statistical distribution of the FWI upper percentiles, specifically the 95th percentile, and (2) changes in the number of potential spread days. This effort expands on previous works in that we focus not on seasonal averages, but rather on thresholds in FWI that are significant to fire management agencies. Moreover, we calculated FWI values at a high spatial resolution under multiple global circulation models (GCMs) and CO 2 emission scenarios rather than from representative weather stations within a single GCM and emission scenario, allowing for the quantification of the variance in FWI values across the units of analysis. This is of particular importance in zero-bound, right-skewed distributions such as those found in the FWI, where small shifts in the distribution may dramatically increase the total proportion of a distribution that exceeds a given threshold.
Methods

Study area
The study area encompasses the predominantly forested landmass of Canada as defined by the Ecological Stratification Working Group (ESWG 1996; Fig. 1 ). We used the 16 homogeneous fire regime zones (hereafter, Bfire zones^; Fig. 1 ) developed by Boulanger et al. (2012) as analysis units. The fire zonation from Boulanger et al. (2012) has the advantage over the larger ecozones (ESWG 1996) in that it better represents unique combinations of weather and fuels, making the results shown here more relevant to the examination of shifting fire weather. An area north of 54°N in Ontario was excluded from this zonation by Boulanger et al. (2012) because of missing fire data, and is thus excluded from our analysis as well.
Data source and data description
In this study, the climate data used to generate both past and future fire weather inputs (i.e., daily noon temperature, relative humidity, wind speed, and 24 h precipitation) and FWI were obtained from two sources. First, the Canadian historical daily fire weather data, an interpolated 3 km resolution daily fire weather raster product, was provided by the Canadian Forest Service from historical data based on surface observations between April 1 and September 30 from 1981 to 2010. These data were later used as the baseline layers for the future daily fire weather projections.
The second data source includes both the historical and future monthly climate projections, which were obtained from the Intergovernmental Panel on Climate Change (IPCC) 4th Assessment Report (AR4; IPCC 2007) as part of the World Climate Research Programme's Coupled Model Inter-comparison Project phase 3 (WCRP CMIP) multi-model dataset (Meehl et al. 2007 ). Historical projections were taken from the 20th century simulation, which were generally initiated between 1850 and 1880 and run through 1999 or 2000. Future projections were taken from three CO 2 emission scenarios from IPCC (2007): SRESA2 (high), SRESA1B (intermediate), and SRESB1 (low). All scenarios were run from 2000 or 2001 through to 2099 or 2100. Three GCMs were selected based on the availability of fire weather variables in the model as well as the climate change gradient they cover, namely the Canadian Centre for Climate Modelling and Analysis (CGCM3.1), the Hadley Centre for Climate Prediction (HadCM3), and the Institut Pierre Simon Laplace (IPSL cm4). These three models provide a range of monthly mean temperature increases; the CGCM model represents the smallest increase and the IPSL model the largest in our study area.
Because relative humidity was not available for IPSL model projections, it was calculated based on the available specific humidity. Fig. 1 The fire zones in forested area of Canada (modified from Boulanger et al. 2012) 2.3 Generating daily fire weather variables for the 30 year periods Future daily fire weather variables were generated using a delta approach (e.g., Flannigan et al. 2005) . We used the projected monthly data, produced by the IPCC GCMs, both from the future for each scenario and the past to generate the monthly anomalies. These anomalies were then added onto the daily fire weather data, namely the baseline, to generate the future daily fire weather variables (see details below).
To generate monthly anomalies, we first calculated the monthly mean temperature, precipitation, and wind speed over 30 years for the following time-periods, 2001-2030 (2020s), 2031-2060 (2050s), and 2061-2090 (2080s) as future projection periods. To align with the available historical daily fire weather data, we chose 1970-1999 back-projections of each GCM as the reference period (e.g., Mbogga et al. 2010) . We then subtracted the backprojections from each of the future projection periods to generate the monthly anomaly.
After all anomalies were calculated, they were down-scaled to 3 km resolution using a thinplate spline interpolation method (Green and Silverman 1994) . Finally, the 3 km resolution down-scaled anomalies were superimposed onto the daily weather variables for each year between 1981 and 2010 by adding the monthly anomaly to each daily observation in the corresponding month.
Generating fire weather values
An R function fwiBAT from package fwi.fbp (Wang et al. 2012 ) was used to calculate the daily FWI for both the historical and future projected years. Because the computation of FWI relies on values of FWI from the previous day, the computation of FWI for a specific weather station within a year requires a set of spatially and temporally varied initial inputs (Van Wagner 1987) . FWI calculations were initiated using standard initial values (i.e., FFMC=85, DMC=6, and DC=15) and a single fixed start date was applied to each fire zone by using the median start date over the 30 years baseline period for all points within each fire zone (Appendix I). A fixed end date of September 30th was used in all fire zones across all timeperiods because less than 1 % of the area burned occurs after September 30 across Canada. Overall, we generated FWI indices for three scenarios, three GCMs, and three future timeperiods (30 year), yielding 840 years of daily FWI data (including the baseline) across the study area. In order to analyze the distribution of extreme fire weather changes through time, we calculated the annual 95th percentile of the FWI (FWI 95 , hereafter) for each 3 km grid cell. The annual 99th percentile of the FWI were also calculated for each grid cell to capture the catastrophic fire weather conditions; analysis results from these data, however, did not show patterns among or within fire zones significantly different from that of FWI 95 thus they are not included in our results.
Three non-parametric tests including Wilcoxon Rank Sum, Signed Rank, and KolmogorovSmirnov test were used to examine the significance of the FWI 95 distribution shifts through time by GCMs, scenarios, and fire zones. The direction of shifts were determined by the change of Bconfidence range^ (Stralberg et al. 2015) , a range between the 5th and 95th percentiles of the FWI 95 . By comparing both the projected 5th and 95th percentiles to those of the baseline, changes were labeled as Bincrease^or Bdecrease^when both percentiles changed in the same direction. There were no instances where the 5th and 95th percentiles changed in different directions. We first calculated the 5th and 95th percentiles of the FWI 95 for all the points within each fire zone at each time-period. With the baseline period as an anchor, we then made comparisons between the two different time-periods by GCMs, scenarios, and fire zones. Based on the comparison results, we performed a non-parametric test, χ test, to identify the contributions of different factors (i.e., GCMs, Scenarios, fire zones, and time-periods) in the FWI 95 shifts.
To show the degree of FWI 95 shifts through time, we also calculated the percentage changes of the FWI 95 medians in comparison to that of the baseline for each fire zone over all the combinations of GCMs and scenarios. A positive shift, therefore, indicates an increase in the severity of the fire weather encountered at that management threshold.
Number of spread days under the changing climates
The number of spread days during the fire season is a simple measure of fire prone weather; the variations in this number, therefore, reflect how extreme fire weather changes across space and time. The number of spread days was calculated by summing up days with FWI≥19 for each grid point by GCM, scenario, and year.
A mixed effect model (Zuur et al. 2009 ) was fitted to distinguish the contributions of the factors considered in our study to the changes of spread days. Using the spread day change as the dependent variable, we conducted the mixed effect model with 4 factors including GCMs (fixed), scenarios (fixed), time-period (fixed), and fire zone (random). The analysis was carried out in three steps. First, for each grid point, we subtracted the number of spread days in baseline year from that of the projected year to generate the change of spread days. Next, we randomly drew 3,000 of the generated values from each fire zone (on average, 100 each year for 30 years at each time-period) by GCM, scenario, and time-period. These values were used as the dependent variable in the model. Finally, we fitted a mixed effect model with all interaction terms for the three fixed factors to ensure that the main effects from the four factors are independent.
Due to the large sample size, a p-value is of limited value in interpreting the significances of an individual factor; instead, we partitioned the effect sizes among time-period, GCM, and scenario, as well as their interactions by dividing the partial sum-of-squares with their total. A larger effect size attributable to a factor indicates a stronger influence of the factor to the changes of the dependent variable, i.e., the change of spread days. All analyses were performed using the R statistical language (R Core Team 2014). The mixed effect model was constructed using the nlme package (Pinheiro et al. 2014 ).
Results
Shifting percentiles of fire weather under a changing climate
The Wilcoxon Rank Sum, Signed Rank, and Kolmogorov-Smirnov tests showed that among 1728 comparisons (3 GCMs×3 scenarios×4 time-periods×16 fire zones×3 tests), the shifts of the distribution of FWI 95 were mostly significant (α=0.05) with only 9 non-significant shifts, which were all from CGCM3.1. The largest shifts were predicted by IPSL cm4. Figure 2 shows this pattern of shifts by GCM and scenario for a single fire zone, namely the Southern Prairie Zone, which overlaps mainly with the Boreal Plain Ecozone (ESWG 1996) where wildland fires are most active and severe in Canada (Flannigan et al. 2005; Stocks et al. 2002) . Among all fire zones, the shifts toward to an increase were also consistent within a specific GCM (Hadley) and scenario (A2; Appendix II). Overall, the distribution of FWI 95 is skewed towards higher values in fire zones with continental climates (e.g., GSL, SC, LW, LA, and SP; Appendix II) than fire zones along the northern treeline or along the coasts.
Regardless of the extent of shifts by GCMs, time-period, fire zone, and scenarios, the χ 2 test showed that GCMs and time-period contributed significantly to the shifts of confidence ranges. The contributions of emission scenario and fire zone differences were not significant (results not shown). Among all the shifts of the FWI 95 , approximately 86.1 % of them were toward to an increase, 11.2 % were toward to a decrease, and 2.5 % remained unchanged. The decreases were all from the CGCM3.1 model due to its projected increases in precipitation, but the shifts were relatively small or non-significant (see also Fig. 2) .
The extent of shifts (%) relative to the baseline along time-period are summarized in Table 1 , where both the median estimate of FWI 95 within a fire zone and the 95th percentile of grid cell estimates of FWI 95 within a fire zone showed increasing proportional changes, but there are some negative shifts (shown in the 5th percentiles) due to CGCM 3.1, as mentioned previously. Measured by the median change in FWI 95 by fire zone (Table 1) , all shifts increase through time from an average of 4.8 % in the 2020s up to 20.2 % in 2080s. In addition, most of the larger shifts (>20 % increase in the median value of FWI 95 ) in 2080s occur in the coastal areas, including fire zones P, GBL, IC, and SC in the west, and NA, EJB, ET, and ES in the east. This pattern of changes was quite consistent in the 2050s, except for fire zones P and EJB whose changes were quite low in 2050s, ranking 11th and 14th out of the 16 zones respectively in magnitude, but become 5th and 4th in the 2080s, which shows the resilience of wetter fire zones to climate changes.
Number of extreme fire weather days under the changing climates
The number of spread days showed an increasing trend with time regardless of GCM and scenario ( Table 2 ). The median ratio between 2050s and the baseline showed that six fire zones (37.5 %) will at least double the number of spread days, six fire zones will increase number of spread days by 36-80 %, while two fire zones change from no spread days to one spread day, and two fire zones remained stable ( Table 2 ). The proportional change in the number of spread days was larger for northern fire zones (e.g., zones EJB, GBL, SY, and WS), despite a smaller number of predicted spread days compared to continental fire zones closer to the southern edge of the boreal forest (e.g., SP, GSL, LW, and LA). The spread day number kernel density curves at different time-periods also showed an increasing right skew and a flattening of the distribution (Fig. 3) , indicating that more days of extreme fire weather were projected in the future for these zones. As it was also shown in the FWI 95 distribution shifts (Appendix II), the boreal fire zones (e.g., GSL, LW, LA, WO, WJB, and SP) showed a larger absolute increase in spread days than others, with this trend more pronounced in 2080s (Fig. 4) .
Causes of the changes in number of spread days under the changing climates
The mixed effect model results revealed that all factors were significant (α=0.05), but F scores in the GCM and time-period factors as well as their interaction were the strongest in the model (Appendix III). The effect size, the ratio between the model sum of square to total sum of square, showed similar trends to the F scores. Despite 27.2 % of the variation in spread day changes was attributable to the choice of GCMs, climate change (i.e., the effect size of timeperiod) contributes 11.4 % to the variations, indicating that climate change is indeed an important component in the change of spread days. The high interaction effect between time-period and GCM (8.5 %) was mainly due to a few instances where the number of extreme fire days in 2050s was projected to be lower than that of both the baseline and 2020s for the Canadian GCM (e.g., Appendix IV). With the other two GCMs, the increases of potential spread days with time-period were both monotonic. The model results also showed that CO 2 emission scenarios do not contribute significantly to the changes of extreme fire days (Table 2) , which agrees with the results from the χ 2 test.
Discussion
We have shown the climate change impacts on extreme fire weather with an increasing right skew in both FWI 95 and the number of potential spread days. Fire zones with shifting tails of the FWI distribution or increasing number of spread days will experience more frequent fires and more extreme fire activity days (Flannigan et al. 2009b) , resulting in greater fire risk and higher suppression costs. In areas where the current climate is not readily conducive to fire and significant biomass is found in the form of surface vegetation or organic soil, a shift in the FWI over time may lead to increasing fire activities and higher fuel consumption ). The greater consumption of duff and organic soil in the forest can alter successional trajectories favouring warm-adapted species such as aspen (e.g., Mbogga et al. 2010; Stralberg et al. 2015) , which may ultimately alter the spatial distribution of fuels and flammability on the landscape (Johnstone et al. 2010) . ( The linear mixed effect model highlighted the importance of GCM selections in determining outcomes in forecasts of future fire weather. Similar sensitivity of GCMs has been observed by Stralberg (2012) for a similar time-period in Canada. The lack of sensitivity to emissions scenario relative to the other factors persisted even when the model was applied to outputs from an individual GCM, indicating the increase in number of spread days is responsive to the full range of modelled future emissions scenarios. The same results were also seen in the non-parametric tests of FWI 95 distribution changes. Mitigating CO 2 emissions to the most optimistic level (B1) may generally slow down the rate of increase in the number of fire spread days (Fig. 2) , but it is still not enough to reverse or stop the changes.
The spatial pattern of the potential spread days by fire zone shown in this study (Fig. 4 ) agreed with the results from an earlier study by Wang et al. (2014) , which was based on weather station data through simulations. The agreement in spatial pattern could be considered a partial validation of this study, because the FWI and potential spread day changes are the focus in both studies. Number of spread days in this study was calculated for each 3 km pixel, which may vary drastically, even within a specific fire zone. For example, as it is shown in Table 2 , the 5th percentile spread days in the baseline are almost all zero except for SP fire zone. The number of spread days based on weather stations (Wang et al. 2014) , on the other Fig. 3 Kernel density curves for spread days with FWI larger or equal to 19 at 4 time-periods, focusing on Hadley GCM and A2 CO 2 emission scenario hand, dropped any zeros present in the dataset, which may contribute greatly to the discrepancy in the magnitudes of spread days within each fire zones found between these two approaches.
Although climate change is predicted to lengthen the fire season across much of Canada (Wotton and Flannigan 1993) , the fire season start dates in this analysis were fixed over time and related to current climates in an area, as most extreme fire weather occurs during the months of May through July. The fixed FWI seasonal start-up values are also conservative estimates given that the Drought Code component of the FWI is subject to over-wintering in drier areas of Canada, resulting in BUI start-up values greater than the default (Lawson and Dalrymple 1996) and higher FWI values early in the fire season. Currently, such estimates are largely expert-driven by local fire managers and based upon the dynamics of snow ablation and melt; we chose the conservative fixed start-up DC value, which may lead to a slight underestimate of FWI early in the fire season (see also Westerling et al. 2006) .
The fire regime zonation of Boulanger et al. (2012) used in this study is partially (indirectly) based upon the distribution of fire weather variables, and so modelled differences between fire zones in the baseline and future are to be expected. The important result presented here is the magnitude of change within zones and the degree of difference in those changes amongst zones. A critical increase in the number of spread days occurs not in zones with a high number of spread days in the historic record (i.e., Southern Prairie zone), but rather in more humid regions (e.g., Eastern Temperate zone) where spread days are modelled to increase at proportionally greater rates. Such increases in eastern Canada fall under the jurisdiction of smaller fire management agencies with lesser internal fire suppression capacity, and as such the probability that suppression resources will be exceeded is greater. However, this doesn't reduce the The expected number of extreme fire weather days in a given season could be of use for fire management agencies to plan appropriate mitigation, preparedness and response activities. The number of concurrent days of extreme fire weather in the future was not examined here; however, this is an important consideration in fire management, which should be addressed in future studies. Using daily fire weather data we have generated in this study alongside the simulation model that has recently been developed in a separate study (Wang et al. 2014) , the distribution of concurrent extreme fire weather days could be further explored.
Conclusions
Using a variety of general circulation models and future emissions scenarios over three timeperiods spanning from the present to 2090, future fire weather distributions were calculated across Canada at a high resolution using down-scaled GCM outputs. The Hadley model outputs were intermediate between the conservative CGCM outputs and the greatest changes shown by the IPSL model; CO 2 emission scenarios proved to have a negligible impact on future FWI values. The 95th percentile of FWI and the number of spread days for a given fire zone were used to measure the changes in fire weather; while nearly all fire zones showed an increase in both measures, the greatest proportional increase is projected for northern and eastern fire zones. An increase in the frequency of extreme fire weather events in areas with limited fire suppression capacity may have a disproportionate impact on increasing burned area compared to a similar shift in an already fire-conductive climate in continental western Canada, where a large fire suppression capacity already exists.
